Abstract-We review recent advances in the development of high power short-and ultrashort pulsed Thulium-doped fiber amplifier (TDFA) systems seeded by semiconductor laser diodes at wavelengths around 2 μm. The diode-seeding and the master oscillator power amplifier (MOPA) design allow for the construction of extremely versatile laser systems that can operate over wide ranges of peak power, pulse energy and repetition rate in the ultrashort picosecond to the long nanosecond pulsed regimes. We present a record peak power of 130 kW and pulse energy of 5 μJ in picosecond mode, while demonstrating user-defined pulse-shaping capabilities at millijoule pulse energy levels in the nanosecond regime from essentially the same amplifier system. The system architecture as well as important design and power scaling considerations are discussed in detail. Additionally, we highlight recent results in the application of these MOPA systems and their high performance TDFA stages in such diverse application areas as next generation telecommunication networks, mid-infrared supercontinuum generation and mid-infrared gas detection in hollow-core photonic bandgap fibers.
I. INTRODUCTION

S
HORT-and ultrashort pulsed fiber lasers operating at 2 μm wavelength have recently experienced a fast-paced development. The slowing progress in the power scaling of Yb-based fiber systems at 1 μm has shifted the interest of the high power fiber laser community towards Thulium-doped fiber amplifiers (TDFAs) [1] , [2] . Working at 2 μm has profoundly beneficial effects for the power scaling potential of fiber lasers, because the mode area of the fundamental guided mode in a fiber increases with the square of the wavelength. This promises up to a 4-fold increase of both nonlinear thresholds and saturation energy, which are favorable conditions for peak power and pulse energy extraction [1] , [3] . Consequently, in both the nano-and femtosecond regimes the 1 MW peak power threshold has now been reached or surpassed and further power scaling can be expected to occur rapidly [4] , [5] . High peak power pulses at 2 μm wavelength combined with the characteristic advantages of fiber lasers, such as high beam quality, compactness and the potential for maintenance-free operation, are particularly beneficial from an applications point of view and enable, for example, coherent nonlinear frequency conversion further into the mid-infrared waveband, material or medical tissue ablation, and high-intensity physics [3] , [6] - [10] . Table I gives an overview of the current maximum peak power levels reported for the different pulse regimes of TDFA systems. Q-switched nanosecond oscillators based on a large-pitch thulium-doped photonic crystal fiber (PCF) rod with 80 μm core diameter have been scaled up to 2.4 mJ pulse energy and 150 kW peak power [11] . Further power scaling is possible in master oscillator power amplifier (MOPA) configurations, and the amplification of 6.5 ns Q-switched pulses to ∼1 MW peak power (6.4 mJ pulse energy) has been demonstrated using a three-stage MOPA system and a similar PCF-rod design in the power amplifier [4] . Femtosecond systems based on chirped pulse amplification in step-index large-mode-area (LMA) fiber with 25 μm core diameter have achieved 35 MW peak power with a pulse energy of 37 μJ and 910 fs pulse duration after external compression [5] . Further scaling to 156 μJ pulse energy was demonstrated, although the pulses were not completely compressed in this instance [12] .
In the quest for scaling the power of pulsed fiber laser systems at 2 μm, the picosecond regime seems to have been somewhat overlooked. Prior to the work reviewed in this paper, peak powers of the order of only 10 kW were reported [13] , [14] , falling significantly short of the performance levels achieved in other pulse regimes. This can be attributed mainly to the lack of an attractive seed source, as the (spectrally filtered) mode-locked oscillators used in these early reports are not the most convenient choice. In the 1 μm wavelength region, gain-switched semiconductor diode lasers have proven highly successful and versatile sources of picosecond pulses, and when amplified in MOPA systems based on Yb-doped fibers have delivered average power levels of several hundred Watts and peak powers up to 270 kW [15] - [18] . Additionally, such diode-seeded laser systems have enabled pulse-shaping in the pico-and nanosecond regime for the compensation of gain saturation effects or the generation of user-defined pulse shapes in material processing [19] , [20] . In the 2 μm wavelength region, however, these concepts have yet to be properly exploited.
In this paper we review our recent advances in the development and application of high-performance, low-noise TDFAs and MOPA systems seeded by semiconductor laser diodes at 2 μm. By gain-switching of the seed diode we obtain compact, practical and reliable fiber sources of picosecond pulses with record peak powers up to 130 kW (5 μJ energy, 38 ps duration) that can provide many of the proven advantages of femtosecond systems, but with great benefits of in terms of system cost and complexity. Specifically, the dispersion management employed in high-power femtosecond systems can be avoided, while the significantly shorter pulse duration compared to nanosecond Q-switched systems is attractive for many uses, e.g., for nonlinear frequency conversion and materials processing. Note that we do not employ rod-type fibers in our amplifiers in order to maintain compactness, and as a consequence fall short of recent record peak power demonstrations at nanosecond and femtosecond durations. Nevertheless, these results represent an order-of-magnitude increase of peak power and pulse energy compared to picosecond systems reported prior to this work and are achieved using a highly practical system configuration.
We further demonstrate that the diode-seeding approach allows for the construction of agile laser systems that can provide high pulse energy, high peak power, and widely adjustable pulse duration and repetition rate and that hence are suitable for a wide range of applications while maintaining overall simple system architectures. This versatility is simply achieved by controlling the electrical drive current of the seed diode, which allows us to generate ultrashort high peak power picosecond pulses from the same laser system that we use for the generation of user-defined nanosecond pulse shapes at millijoule energy levels. We further highlight the flexibility and functionality of the MOPA systems and TDFA sub-components by reviewing our latest results in the implementation of these devices in such diverse appli- cation areas as next generation telecommunication networks, mid-infrared (mid-IR) supercontinuum generation, and mid-IR gas detection in hollow-core fibers.
The structure of the paper is organized as follows. Section II gives a detailed description of the architectures of the 2 μm diode-seeded MOPA systems used in this work and associated components, and discusses important design and power scaling considerations. Section III details the MOPA performance in high peak power picosecond and high pulse energy nanosecond operation, and presents the pulse shaping capabilities of the system. Finally, application examples are discussed in Section IV.
II. SYSTEM ARCHITECTURES
A. Overview
We consider two implementations of short-and ultrashortpulsed TDFA systems in a MOPA configuration, denoted A and B in Fig. 1 . Both systems are extremely versatile and can operate over a wide range of repetition rates in the picosecond-as well as nanosecond-pulsed regimes, but address different aspects in terms of system simplicity and pulse energy/peak power scaling. As a common feature they are both seeded by a fiber-pigtailed laser diode operating in the vicinity of 2 μm (master oscillator), followed by a three-stage TDFA system. The seed is a discretemode InGaAs/InP laser diode (Eblana Photonics), which is a ridge waveguide Fabry-Perot (FP) diode constrained to lase in a single longitudinal mode of the FP cavity by appropriate superstructuring of the chip with multiple quantum wells [21] . Here we use seed-diodes with operating wavelengths of 2008 nm and 1952 nm, but a range of diodes with central wavelengths of 1700-2050 nm have now been developed, making it possible to access user-defined laser wavelengths anywhere in the TDFA amplification window with only minor changes in the system configuration.
The seed-diodes typically emit peak powers only of the order of a few milliwatts in pulsed operation. The subsequent TDFA amplifier chain is therefore required to deliver a total gain of up to 70 dB in order to achieve the targeted peak power and pulse energy levels. The achievement of such high gain values requires efficient and low-noise pre-amplifiers, and the management of amplified spontaneous emission (ASE) as well as the control of nonlinearities become critical issues. The main difference between configurations A and B in Fig. 1 is the way these critical issues are addressed and consequently they differ in their practical operating conditions.
We first review our recent advances in the development of high performance low noise pre-amplifiers in Section II-B, before discussing design details and power scaling considerations for the complete amplifier chains in Section II-C. Fig. 2 exemplary illustrates the design of our single-mode core-pumped pre-amplifiers and the conceptual idea that allows us to optimize their performance in different wavelength regions. In Fig. 2(a) , the schematic setup of two amplifier configurations is illustrated that were developed to provide high gain, low-noise amplification at short and long wavebands, respectively [22] . The first design, called TDFA-C, consists of a 12 m long commercially available TDF (OFS TmDF200) with 6.2 μm mode field diameter (MFD) and 20 dB/m core absorption, forward pumped by an Er/Yb co-doped fiber laser at 1565 nm. Pump and signal wavelengths are combined using a WDM coupler, and isolators at both ends prevent parasitic lasing. The second design (TDFA-L) includes an additional 4 m TDF inserted between the input isolator and WDM coupler. This additional piece of fiber is indirectly pumped by the backward-travelling ASE generated from the directly pumped 12 m TDF section. Fig. 2 shows the wavelength-resolved gain performances and external noise figures (NF) of both designs for small (−20 dBm) and saturated (0 dBm) continuous wave (CW) input signals at a fixed pump power of 31 dBm. The introduction of the additional indirectly pumped section of gain fiber in TDFA-L has two distinct effects. Firstly, the amplifier gain is significantly enhanced for long wavelengths (3-4 dB for λ ≥ 1950 nm), reaching up to 41 dB at 1950 nm, and the saturated gain flatness is improved. This can be attributed to the reabsorption of the otherwise lost backward-travelling ASE, which enhances the amplifier efficiency, and the overall longer length of gain fiber, which shifts the gain peak towards longer wavelengths due to the quasi three-level system behaviour of Thulium-doped silica at room-temperature. Secondly, the gain enhancement at long wavelengths is achieved without paying a significant penalty in terms of NF, which remains at 5-7 dB. However, the NF increases at shorter wavelengths due to increased initial absorption of the input signal. Note that the passive components used in these measurements have a combined insertion loss of 2.5 dB, which is the main limiting factor of NF performance. We could recently demonstrate NFs as low as 4.5 dB using improved isolators and WDM couplers [23] and expect this value to drop further towards the 3 dB quantum noise limit as the increased interest in this wavelength region will drive the development of low-loss commercial components.
B. High Performance Low-Noise Pre-Amplifiers
TDFAs optimized in this way are well suited for high gain, low-noise pre-amplification in high power systems, and saturated output powers of well beyond 1 W with 50% slope efficiency and excellent optical signal-to-noise ratio (OSNR) for 1 mW of input signal could be demonstrated [22] . By choosing the correct lengths of directly-and ASE-pumped active fiber segments, the design can be adapted to operate anywhere in the Thulium amplification bandwidth, and devices covering the 1720-2050 nm window have recently been presented [23] .
These TDFA designs also attract growing interest for the application as high performance amplifiers in potential future telecommunication networks operating at wavelengths around 2 μm. The TDFAs are analogous in implementation and function to the current Erbium-doped fiber amplifiers (EDFAs), but capable of operating over a far more extended bandwidth in this new waveband of interest and therefore provide significant potential for enhanced data transmission capacities. This application area will be discussed in more detail in Section IV-A.
C. MOPA Design and Power Scaling Considerations
In this section we detail the experimental setup of the high power MOPA systems in Fig. 1 and discuss fundamental design and power scaling considerations.
In MOPA A, the seed-diode is driven directly by a fast electrical pulse generator (PG) or arbitrary waveform generator (AWG). The details of the driving electronics depend on the desired pulse width and pulse shaping functionality and will be discussed in Section III. The first pre-amplifier is configured in the TDFA-L layout discussed in Section II-B. A subsequent tunable bandpass filter (BPF) removes excess out-of-band ASE. In its first generation this filter consisted of two fiber Bragg gratings in series [24] , but was later replaced by a more versatile fiber-pigtailed grating-based filter with a −3 dB passband of 3 nm and a tuning range covering the entire Thulium amplification bandwidth [25] . In order to minimize nonlinearities, the TDFA-C configuration is used for the second pre-amplifier and the commercial active fiber is replaced by an in-house drawn TDF with larger core diameter (8.3 μm) and higher doping concentration. This allows us to reduce the active fiber length to 2.2 m. The output of the second pre-amplifier is taper-spliced to a 3 m-long large-mode area double-clad TDF with a 25 μm diameter, 0.09 NA core and 250 μm cladding (Nufern). The free end of the fiber is terminated with an angle-polished end-cap avoiding signal feedback and allowing beam expansion and reduction of the peak intensity at the glass/air interface. The power amplifier is free-space cladding-pumped in a counter propagating configuration with up to 60 W of coupled pump power provided by a fiber-pigtailed pump diode at 800 nm (Jenoptik). The output is near-diffraction-limited with a measured beam quality factor M 2 < 1.3. Note that we do not pump at the Thulium:silica absorption maximum of 793 nm, but slightly offset at the wings of the absorption peak between 800-805 nm. The lower pump absorption allows us to achieve population inversion over a longer length of fiber, which in turn pushes the gain maximum to longer wavelengths. This maximizes the gain at our operating wavelengths and has the additional advantage that more established and cost-effective 808 nm pump diodes can be employed, which are routinely used for Nd:YAG bulk solid-state laser systems and can be temperature tuned to shorter wavelengths.
In this amplifier system we employ a simple and passive approach to ASE management using only a single BPF after the first pre-amplifier. This results in high system simplicity and works well for high average powers and pulse repetition rates when all amplifiers are seeded well into their saturation regime and ASE build-up is limited. In this case, most of the total gain is provided by the pre-amplifiers, only the final 10-15 dB are contributed by the power amplifier. For low repetition rates and high pulse energies/peak powers, however, it would be advantageous to limit the power in the pre-amplifiers and redistribute the gain towards the power amplifier stage where the large mode-field diameter increases the threshold for the onset of nonlinearities.
This redistribution of gain is achieved with MOPA B in Fig. 1 . It uses the same building blocks as MOPA A, but arranged in a different manner and includes an electro-optic modulator (EOM; Photline Technologies) introducing additional filtering and pulse shaping capabilities to the system. The EOM is inserted after the first pre-amplifier and acts as a time-gate, passing (and if desired shaping) the amplified signal pulses, but blocking the in-band ASE that builds up temporally in between two subsequent pulses at low repetition rates. Since the EOM is polarization sensitive, it requires a polarization controller and a fast-axis blocking polarizer at the input. Additionally, the BPF filters out-of-band ASE before injection into the power amplifier. This effective ASE suppression enables us to run all amplifiers with small-signal inputs and to extract up to 30 dB gain from the final power amplifier stage. Consequently, we generally achieve significantly better optical signal-to-noise ratios (OSNR) and higher nonlinear thresholds with MOPA B, enabling better pulse energy and peak power scaling as compared to MOPA A through the ability to operate at lower repetition rates. However, this comes at the cost of increased system complexity as the EOM requires further driving electronics and synchronization to the diode pulses.
III. PERFORMANCE IN DIFFERENT PULSE REGIMES
A. Picosecond Regime: Gain-Switching
We generate picosecond pulses directly at 2 μm wavelengths by gain-switching the seed laser diode using short rectangular electrical pulses of 350 ps duration and 5 V amplitude supplied by a pulse generator. The resulting optical pulse widths are generally shorter than the electrical excitation pulses and are determined by the carrier-photon interaction dynamics [26] , [27] . A below-threshold dc voltage is applied to optimize the optical pulse parameters [26] . In this way we obtain pulse durations in the range of 40-50 ps from the laser diodes used in this work.
The typical spectral response of the latest generation of seed diodes in CW and gain-switched operation is shown in Fig. 3 . In CW mode, the diode exhibits single longitudinal mode operation with a spectral bandwidth of approximately 600 kHz [21] . The side modes of the FP cavity are suppressed to the −45 dB level relative to the spectral peak and the mode spacing is about 1.5 nm. In gain-switched operation the spectral bandwidth broadens to a −3 dB width of 1.6 nm. Note that in earlier generations of seed diodes used in MOPA A, significant excitation of the FP side modes was observed that required removal by spectral filtering, resulting in a much narrower spectral bandwidth [24] .
The performance of MOPA A, which operates at a central wavelength of 2008 nm, was investigated in detail in [24] and is summarized in Fig. 4 . A maximum pulse energy of 3.5 μJ can be extracted from the system at 2 MHz repetition rate and 7.7 W of average output power. Through the interplay of nonlinear selfphase modulation (SPM) and the anomalous dispersion of the active fiber we observe a temporal compression of the pulses from 45 ps measured after the pre-amplifiers to 33 ps at the output of the power amplifier. This corresponds to a peak power of ∼100 kW.
The amplifier system can be operated with variable repetition rates in the range 2 MHz-1.5 GHz. At low repetition rates, the maximum peak power is limited by the build-up of ASE with a peak at 1970 nm as well as by the onset of modulation instability (MI), which creates spectral side lobes through the amplification of random noise via phase-matched four-wave mixing processes [28] . The long-wavelength MI peak at 2030 nm is readily visible in Fig. 3(b) , while the corresponding symmetrical peak at the short wavelength side of the signal, expected around 1990 nm, is concealed by ASE. At higher repetition rate, the system performance is pump power limited, leading to a linear reduction of pulse energy with increasing repetition rate at a constant average power of 18 W, as shown in Fig. 3(a) . The OSNR increases from 28 dB at 2 MHz to over 50 dB at 1.5 GHz due to the improved seeding of all amplifier stages.
The stability and reliability of the pulse generation and amplification process is an important feature for many applications. We measured a temporal jitter of <2 ps over a 60 s period, limited by the bandwidth of our detection equipment. Earlier experiments at 1550 nm have highlighted the exceptional inherent temporal stability of gain-switched discrete-mode diode lasers and demonstrated a jitter as low as 450 fs [29] . We expect a similar performance in this implementation at 2 μm. In subsequent experiments we have operated the system over many weeks for several hours per day and found its operation extremely reliable and repeatable. No performance degradation or needs for readjustments were observed so far.
In order to investigate the possibilities for further power scaling we use MOPA B, which includes an EOM for additional in-band ASE filtering. This allows us to operate at lower repetition rates and redirect gain from the pre-amplifiers to the power amplifier, which reduces the effective nonlinearity of the system. The EOM is driven by an additional PG and synchronized to the arrival of the diode pulses using a time gate width of 2.4 ns. Fig. 5 summarizes the high pulse energy performance of MOPA B, operated at a central wavelength of 1952 nm and 1 MHz repetition rate. The spectra in Fig. 5(a) illustrate that ASE is effectively suppressed and the OSNR is consistently above 40 dB. The clean spectra allow us to observe the nonlinear behavior of the system in more detail. As the pulse energy is increased from 3 to 5.2 μJ, two distinct nonlinear effects can be identified. First, the central spectral peak broadens due to SPM, which amplifies additional longitudinal modes from the seed diode that become visible as fine structure around the central peak (compare Fig. 3 ). In the time domain, this is accompanied by the nonlinear compression of the pulses from 49 ps measured after the pre-amplifier to 38 ps at 4.8 μJ. Second, the MI threshold is reached at 4.8 μJ pulse energy when side-peaks appear at 1920 and 1985 nm. In the time domain, the presence of these side peaks results in a temporal beating superimposed on the peak of the pulse envelope, which is clearly visible in the autocorrelation trace. At 5.2 μJ energy, both MI spectral peaks and the temporal beating amplitude have substantially increased, which makes the extraction of the pulse width from the autocorrelation trace unreliable as the pulse shape might have changed. Hence the measured 42 ps are set in brackets in Fig. 5(b) ; instead we would expect a continued temporal compression.
In summary, we can extract up to 5 μJ pulse energy and a pulse width of about 38 ps from MOPA B before MI becomes significant, corresponding to a peak power of ∼130 kW. Note that the onset of MI in the amplifier at higher energies might be beneficial for some applications, e.g., for mid-IR supercontinuum generation, where MI-initiated soliton fission plays an important role [30] . The modest 30% peak power increase in comparison to MOPA A lets us conclude that the system performance is mainly limited by nonlinearity in the final amplifier stage. Fibers with larger core diameters, e.g., rod-type fibers, will therefore be required to achieve further pulse energy and peak power scaling in the picosecond regime.
B. Nanosecond Regime: User-Defined Pulse-Shaping
The design of our MOPA systems allows us to access a wide range of pulse durations simply by controlling the drive current to the seed diode. Here we exemplary highlight this versatility by demonstrating the amplification of 100 ns pulses to energies of up to 1 mJ with the same amplifier configurations that we used previously for the picosecond regime. Additionally, we are able to control the temporal shape of the seed pulses either by direct modulation of the seed diode, or with the EOM, in order to compensate the effects of gain reshaping due to saturation in the amplifiers and access user-defined pulse shapes at the system output [31] .
Initially we use MOPA A and drive the seed diode with a computer controlled AWG connected to an RF amplifier that delivers a maximum voltage of 7 V. Again, a below-threshold dc voltage is applied for fine control over the pulse parameters. The seed rise time is set to a minimum of 16 ns in order to avoid spiky relaxation oscillations at the pulse front. Fig. 6 (a) compares the original seed pulse and the amplifier output using the squarest available pulse from the seed diode, amplified to 0.5 mJ energy (12.5 W at 25 kHz). Clearly, the pulse undergoes substantial gain reshaping, which is a common phenomenon in fiber amplifiers caused by the modest saturation energies of the gain fibers [32] , [33] . The pulse front experiences preferential gain, resulting in a reduced pulse width and higher peak power. Since this effect increases the sensitivity to nonlinearities, it is particularly important to compensate for gain saturation effects if high pulse energies are to be extracted from the amplifier. In our system gain saturation occurs predominantly in the power amplifier, there is only negligible reshaping in the pre-amplifiers.
An analytical description of gain reshaping shows that the input and output pulse shapes of an amplifier are connected by a simple transfer function [32] . This function essentially only depends on two system parameters, namely small-signal gain and saturation energy, which can easily be extracted from a fit to the amplifier response for a square test pulse. It is then possible to obtain any desired arbitrarily shaped output pulse by applying the inverse transfer function and finding the required input pulse shape. This method is now routinely used at 1 and 1.5 μm [19] , [34] , [35] , but has never been demonstrated before at 2 μm. 6(b) shows the calculated input pulses required to obtain 0.5 mJ output pulses with a selection of user-defined shapes and compares them with the experimental measurements, obtained by direct modulation of the seed diode using the AWG. There is an excellent agreement between targeted pulse shapes and measured profiles. Further energy scaling beyond 0.5 mJ in MOPA A is limited by the low peak power available directly from the diode (∼5 mW). For the compensation of gain saturation at higher pulse energy, strong shaping with a high dynamic range is required, which reduces the seed average power to impractically low levels with our current diodes.
MOPA B allows energy scaling to 1.0 mJ and beyond by making use of the EOM as a pulse shaping device. In this case the seed diode is set to emit square pulses of 300 ns duration. These initial pulses are then amplified in the first pre-amplifier without distortion, from which the EOM, directly driven by the AWG carves 100 ns pulses with the required pulse shape. This ensures sufficient seeding of the subsequent amplifiers and enables us to operate at a lower repetition rate of 12.5 kHz. Fig. 7 shows the output pulse shape and spectrum at 1.0 mJ pulse energy. The extreme gain reshaping occurring at these high energies is clearly compensated, although the profile does not exactly match the desired square shape due to the limited extinction ratio of the EOM, which delivers a dynamic range between maximum transmission and maximum extinction of 20-23 dB at 1950 nm, while ∼26 dB would be necessary to fully compensate gain reshaping effects. However, without shaping we observe the onset of stimulated Brillouin scattering (SBS) already at 0.25 mJ in this system, caused by the narrow linewidth of the Fig. 7 . Generation of 1.0 mJ pulses using the EOM as a pulse shaping device in MOPA B. The pulse shaping in (a) is not perfectly matched to the required profile due to the limited EOM dynamic range, however it prevents the onset of SBS occurring at 0.25 mJ without shaping. The spectrum in (b) is free of ASE and nonlinear signatures, indicating further power scaling potential [31] .
seed in long pulse operation in combination with the high peak power of the amplified unshaped pulses. This clearly highlights the importance and effectiveness of the pulse shaping approach. The spectrum in Fig. 7(b) is free of ASE or nonlinear signatures, confirming the potential for further energy scaling using EOMs with higher extinction ratio or acousto-optic modulators.
IV. APPLICATIONS
A. Next-Generation Telecommunication Networks
The ever-increasing volume of internet traffic drives today's telecom networks rapidly towards their capacity limits [36] - [39] . Traditionally, research efforts in long-haul telecom networks have been focused on the 1.55 μm wavelength region defined by the amplification bandwidth of the EDFA and the low-loss transmission window of single-mode silica fiber (SMF). More recently, however, radical approaches in more exotic fiber types are actively being pursued to increase the transmission capacity per fiber, decrease fiber loss and nonlinearity and reduce signal latency [40] - [42] , which may eventually justify a shift away from the traditional operating wavelengths.
TDFAs exhibit a gain bandwidth of about 30 THz, which is more than twice as large as the EDFA bandwidth (∼12 THz for current C + L band) and is the broadest of all rare-earth doped fiber amplifiers [3] . Hence they represent an attractive route towards significantly enhanced transmission bandwidths by offering the potential to amplify a large number of additional wavelength-division multiplexed (WDM) communication channels. TDFAs based on the design principles discussed in Section II-B (Fig. 2) have now been extensively characterized in an optical communications context and were found to be a viable alternative to modern EDFAs [22] . Since diode-pumped versions have been developed [23] , where the fiber laser pump source in Fig. 2(a) is replaced by in-band pumping 1550 nm laser diodes, TDFAs have now truly reached a similar level of compactness, reliability and efficiency as current Erbiumbased systems. In Fig. 8(a) , high gain low noise amplification over the entire Thulium gain bandwidth of more than 300 nm from 1720-2050 nm is demonstrated by combining three of these compact devices optimized for short, central, and long waveband operation, respectively. Based on these TDFA designs, a compact diode-pumped all-fiber thulium-doped laser with more than 250 nm of continuous tuning range could also be realized [25] . This recent maturation of the TDFA certainly confirms the practicality of 2 μm optical fiber communications from an amplifier perspective.
The development of low loss transmission fibers will however be the key factor determining whether 2 μm communications will ultimately outperform current 1.55 μm systems. Hollowcore photonic bandgap fibers (HC-PBGF) are promising candidates for such a new generation of transmission fibers due to their ultralow nonlinearity and a more than 30% faster transmission speed compared to conventional solid fibers [41] . These properties originate from the light guidance in their hollow core with minimal overlap (as low as 0.1%) with the surrounding silica glass structure [43] . This low overlap factor is also responsible for reducing infrared absorption and shifting their minimum loss to wavelengths around 2 μm-conveniently coinciding with TDFA territory [44] , [45] .
In a recent proof-of-principle experiment, the error-free transmission of an amplified 8 Gbit/s data channel at 2 μm over 290 m of HC-PBGF was demonstrated for the first time [46] , [47] . The fiber's more than 150 nm wide transmission window with minimum loss of 4.5 dB/km overlaps well with the amplification bandwidth of TDFA-L discussed in Section II-B, as shown in the comparison in Fig. 8(b) . WDM transmission of four data channels was later reported using the same fiber and amplifier [48] . Interestingly, many of the building blocks of the MOPA systems described in this paper were also used for these transmission experiments, clearly showing the beneficial interdependence of high power fiber laser and telecom system research.
Currently, strong efforts are being directed towards determining the intrinsic loss limits of HC-PBGF and fabricating fibers with broader transmission windows and loss values closer to those of conventional SMFs [49] . However, it is now clearly established that HC-PBGFs can meet the challenging requirements of modern data modulation formats and 30.7 Tbit/s (96 × 320 Gbit/s) dual polarization (DP)-32QAM coherently detected transmission over HC-PBGF at 1.55 μm has been demonstrated [50] . They also offer the possibility to implement novel capacity-enhancing techniques such as space division multiplexing (SDM) [40] , as impressively shown by a record capacity of 73.7 Gbit/s through a combination of dense WDM and SDM using the three lowest order modes of a HC-PBGF [51] . The development of low-loss splicing techniques using standard equipment further confirms the practicality of these fibers [52] , [53] . Certainly, the combination of TDFAs and HC-PBGFs operating at 2 μm is one of the most radical approaches for next-generation telecom networks, but also one of the most exciting ones for high power fiber laser research, as the development of new laser diodes, low-loss components, high-performance amplifiers and low-nonlinearity beam delivery fibers can be expected at this emerging waveband.
B. Mid-IR Supercontinuum Generation
The high peak powers and short pulse durations emitted by our MOPA systems in gain-switched picosecond mode are ideally suited for nonlinear frequency conversion further towards mid-IR wavelengths. Supercontinuum generation (SCG) in nonsilica fibers made from nonlinear mid-IR transparent glasses (e.g. fluoride, tellurite, or chalcogenide) is a promising approach to meet the increasing demands for broadband, high-brightness mid-IR radiation in various application areas, e.g. molecular fingerprinting, chemical sensing or gas detection (see Section IV-C) [54] , [55] . Of all possible materials, heavy metal fluoride glass (ZBLAN) is currently the most attractive choice for constructing practical SCG sources due to its high transparency up to ∼ 4.5 μm wavelength, the maturity of the fiber fabrication technology and the commercial availability of highly nonlinear ZBLAN fibers with the required small core diameters. Consequently, SCG in this fiber type has been demonstrated with numerous pumping schemes, predominantly using either femtosecond or nanosecond pulse durations [56] - [62] .
From the perspectives of compactness, reliability, versatility and cost-efficiency, semiconductor laser diodes as master oscillators coupled with fiber amplifiers are the ideal choice of pump system for SCG. They offer a significant control over the properties of the generated SC through their capability to de- Fig. 9 . Supercontinuum generation using high peak power picosecond pulses from MOPA A directly coupled into 7 m of highly nonlinear ZBLAN fiber. The spectra were generated using pulse energies of 185 nJ (black), 300 nJ (red), 600 nJ (green), and 1100 nJ (blue); offset for clarity. The insets show the exceptional flatness of the mid-IR part of the broadest spectrum, and the far-field multi-mode beam profile of the ZBLAN output at visible wavelengths. The fiber is single-moded for wavelengths above ∼2800 nm [69] .
liver wide ranges of adjustable pump pulse parameters, which has contributed to their scientific and commercial success in the near-IR and visible wavelength regions [63] - [66] .
ZBLAN fibers typically have zero-dispersion wavelengths (ZDWs) between 1.65-1.9 μm. Pumping at wavelengths longer than the ZDW in the anomalous dispersion region is advantageous for efficient SCG, and 2 μm pumping in particular leads to an optimization of both bandwidth and conversion efficiency [67] . Prior to this work, however, diode-pumped mid-IR SCG sources had to be based on 1550 nm seed-diodes and therefore had to rely on either nonlinear methods or the use of intermediate pulse-pumped TDF laser cavities to convert to longer pumping wavelengths [55] , [56] , [68] . Using the MOPA systems presented here, it is now possible to implement the direct picosecond diode-pumping of ZBLAN fibers at 2 μm, which represents a significant improvement in terms of system simplicity, reliability, and stability compared to previous diodepumped mid-IR sources [69] . Fig. 9 shows the resulting SC spectra when various pulse energies emitted by MOPA A are directly coupled into a 7 m long commercial ZBLAN fiber (Thorlabs, 9 μm core diameter, 0.25 NA). The maximum spectral bandwidth of more than two octaves spanning from 750-4000 nm is reached for 1.1 μJ pump pulses. Further broadening was limited by the attenuation of the particular fiber in use. The spectra exhibit a remarkable flatness in the mid-IR with a power variation as low as 1.5 dB over a 1300 nm wide spectral range from 2450-3750 nm, as shown in the inset of Fig. 9 .
The total SC average power is up to 1.1 W at 1 MHz repetition rate, with more than 21% (235 mW) at wavelengths above 2500 nm. Further average power scaling is straightforward by increasing the repetition rate of the pump system. As shown in Fig. 4(a) , MOPA A can deliver the necessary pulse energy for maximum spectral broadening (1.1 μJ) up to repetition rates of more than 15 MHz, enabling total SC power in the order of 10 W.
The high degree of spectral flatness of the generated SC is unprecedented in this wavelength region. Combined with the high average output power and minimal mid-IR power fluctuations of less than 0.5 dB over a 30 minute interval the system enables broadband mid-IR spectroscopic measurements with uniform spectral sensitivity and high SNRs in wavelength regions where various hydrocarbons, hydrochlorides and commonly used solvents display strong absorption features. This will exemplary be shown in the following section.
C. Mid-IR Gas Detection in Hollow-Core Fibers
One of the main attractions of the mid-IR spectral region is the large number of molecules that undergo strong characteristic vibrational transitions in this domain and that can therefore be fingerprinted using their unique absorption signatures [7] . The highly sensitive detection of mid-IR absorption peaks is therefore expected to enable many local and remote sensing applications in environmental control, security, and healthcare industries. For instance, gases such as methane, ethane, and acetylene exhibit strong fundamental absorption peaks in the region between 3-4 μm and have been identified as biomarkers in breath analysis [70] . This non-invasive health screening technique aims to identify and quantify volatile components in human breath, which provide key information about physiological processes and enable early-detection of diseases such as renal failure, cystic fibrosis and cancer [71] , [72] . However, low concentrations of multiple elements need to be detected simultaneously, which requires sensitive and broadband detection methods.
HC-PBGFs offer an excellent platform to observe weak gaslight interactions due to their tight modal confinement in the hollow core combined with their low-loss guidance. Filled with the gas under test, the hollow core fiber geometry allows extremely long interaction lengths and therefore the probing of weak gas absorption lines and low concentrations that would otherwise be difficult to observe using bulk approaches [49] . In addition, HC-PBGFs are particularly suitable for achieving small device footprints due to their low sensitivity to macrobending such that tight coils can be formed with virtually no loss penalty [73] . Note that other air-guiding fiber geometries including hollow waveguides, anti-resonant fiber, and Kagome fibers exhibit substantially higher bend loss [74] . This is a critical issue for the design of practical sensing devices where long path lengths combined with small device form factors are required.
Most gas detection measurements in hollow core fibers to date have used the first overtone absorption lines in the near-IR [75] - [77] , but the recent development of silica-based HC-PBGF with low loss over wide bandwidths in the mid-IR enables measurements on the much stronger fundamental absorption peaks [78] , [79] , which should increase sensitivity and specificity of the detection. The HC-PBGF with the lowest attenuation at mid-IR wavelengths reported to date was recently fabricated in-house and extensively characterized in [80] . Fig. 10 shows transmission and loss measurements of this fiber with (a) high dynamic range and (b) high resolution, both of which were enabled by using the SCG source described in the previous section. The measurement over a 5 m fiber length [purple line in Fig. 10(a) ] shows that the bandgap extends from 3.1 to 3.8 μm and a cutback loss measurement (58 to 5 m) records a minimum loss of 0.13 (±0.05) dB/m at 3.33 μm and <1 dB/m transmis- attenuation measurements before and after purging the fiber with argon. The peaks in the attenuation spectrum can clearly be attributed to the presence of HCl gas outgassing from the raw materials used in fiber fabrication. All spectra were taken using the mid-IR SCG source described in IV.B [80] . sion loss over a >500 nm window, which overlaps well with one of the regions of interest for gas sensing, as mentioned above. In fact, many of the oscillatory features in the loss measurement can be attributed to HCl gas absorption lines, which are present in the fiber due to the use of chlorine to dehydrate the bulk silica glass used as raw material in fabrication [see Fig. 10(b) ]. When removed by purging the fiber with argon gas, the fiber attenuation decreases to 0.05 (±0.03) dB/m. These are particularly impressive numbers when compared to the bulk attenuation of silica, which is 100-600 dB/m in this spectral region [81] , indicating an overlap of the guided mode with the silica cladding of only about 0.1%.
It appears that combining the powerful, flat, and stable mid-IR SCG source described in Section IV-B with these low-loss guiding HC-PBGFs results in a sensitive broadband spectroscopic measurement device for gas detection in the mid-IR spectral region, as evident from the high dynamic range of the loss measurements and the high-resolution detection of the HCl absorption peaks. However, most of the HCl absorption peaks are saturated in this measurement due to the long fiber lengths used in the loss measurement.
In order to further demonstrate the capabilities of this system, we filled a 1.25 m length of the HC-PBGF with a mixture of 1000 ppm methane in nitrogen and recorded a highresolution (0.2 nm) transmission spectrum over a broadband span of 250 nm from 3150-3400 nm using an optical spectrum analyzer (Yokogawa). In Fig. 11 , the measurement with subtracted baseline is compared with the absorption spectrum from the HITRAN database [82] , appropriately scaled to reflect interaction length, concentration and resolution of the measurement. The quality of the measurement and the agreement with theory is astonishing. Almost 15 dB OSNR could be achieved at the strongest absorption lines, and even the weaker lines could be resolved. In order to fully appreciate these results, they should be compared to earlier work in the mid-IR where only about 3 dB OSNR was obtained for the same methane concentration over a similar length of fiber and at a much lower resolution of 3-4 nm [79] . The preliminary analysis of our measurement yields a sensitivity limit of ∼7 ppm, which is obtained by comparing the strongest absorption line to the amplitude of the noise floor. This corresponds to at least an order-of-magnitude higher sensitivity than previously claimed for any fiber-based gas detection scheme [79] . More than sufficient power was transmitted through the fiber such that detection of sub-ppm concentrations over longer fiber lengths is certainly feasible.
While more work has to be done in order to establish the sensitivity limits of our approach (in preparation), these initial results already demonstrate a substantial qualitative increase in both OSNR and resolution of the detected absorption lines compared to previous results. Consequently, the presented system consisting of our 2 μm diode-seeded MOPA pump systems followed by a mid-IR SCG stage and a detection stage in low-loss HC-PBGF is certainly a promising approach for the realization of compact and versatile multi-band, multi-element spectroscopic measurement devices in the mid-IR for environmental, security, and healthcare applications.
V. CONCLUSION
Diode-seeded TDFA systems arguably offer the most practical and flexible approach currently available to generate high power pulsed laser radiation in the 2 μm wavelength region. Their capability to deliver pulses with vastly different parameters and shapes from the same laser system via straightforward electronic control is unmatched. From an applications point of view, this versatility of the laser system combined with the high stability of the pulse generation and amplification process are often more important than headline record power figures. Allfiber integration is also easy to envisage and would result in the robustness needed for commercial applications.
While we did not use very-large-mode-area fibers in order to keep the system as simple and compact as possible, large-pitch rod-type PCF fibers used in recent nanosecond work could easily be incorporated in our system and would substantially increase the observed nonlinear thresholds and enable further energy and peak-power scaling. Nonlinear pulse compression should also allow yet shorter pulses and higher peak powers.
Especially in conjunction with novel waveguide designs, such as highly nonlinear soft glass fibers or low-loss hollow core fibers, diode-seeded TDFAs are already enabling promising new research and technology pathways in the emerging waveband of 2 μm and beyond with substantial scientific and industrial impact.
